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There is a large body of literature devoted to the study of seating comfort. h e r b l o m  is 
widely credited with beginning the modern, scientific study of seating with his 1948 
monograph on posture and chair design (herb lom 1948), although he cited over 70 
previous publications related to his work. Since 1948, hundreds of papers on topics 
related to seating comfort have been published, many of which include recommendations 
for seat design to enhance comfort. 
The seating literature contains more papers concerned with office and industrial seating 
than with automotive seating, probably because of the economic costs associated with 
discomfort and injury in the office and factory. However, the motor-vehicle environment 
is also a workplace, with the difference between the situations of a commuter and a 
professional driver being primarily the length of time in the seat, both cumulative and at a 
single sitting. Epidemiological studies have shown that low-back pain and lumbar disc 
herniation risk increase with the amount of time spent driving (Kelsey and Hardy 1975). 
The presence of vibration in the motor-vehicle environment has been suggested as a 
potentiating factor (Troup 1978). 
Most of the research findings concerning industrial and office chair design can be applied 
to auto seat design. However, there are several important considerations unique to the 
mobile environment that should influence design recommendations. In particular, the 
control locations and sight line requirements serve to constrain postures to a greater 
extent than in most other seated environments. Safety concerns dictate that the driver be 
alert and continually responding to changing road conditions, and be positioned in such a 
way that the occupant restraint systems offer maximal protection in a crash. Passenger 
cars generally require a more extended knee posture than is necessary in other types of 
seating. This has important implications with regard to the orientation of the sitter's 
pelvis and lumbar spine. Additionally, vibration imposes tissue stresses that are not 
generally present in a stationary environment. 
When attempting to specify design characteristics of a comfortable seat, it is important to 
have in mind a functional definition of comfort as it applies to seating. Branton (1969) 
has pointed out that it is unreasonable to assume, as some researchers have, that comfort 
extends in a continuum from unbearable pain to extreme feelings of well-being. Since a 
seat is not likely to impart a positive physical feeling to a sitter, the continuum of interest 
reaches from indifference to extreme discomfort. The best a seat can do is to cause no 
discomfort to the sitter. As Branton points out, this definition is useful, not only in the 
design of subjective assessment tools such as questionnaires, but also in consideration of 
strategies to improve comfort. The aim of chair design should be to reduce or eliminate 
factors causing discomfort rather than to elicit feelings of well-being. For the purposes of 
this report, comfort will refer to the absence of discomfort, so that an increase in comfort 
implies a decrease of stimuli leading to discomfort. 
This report identifies seat design parameters that have been demonstrated to be, or are 
likely to be, associated with seat comfort, and recommends levels for these parameters. 
These recommendations are based on the cited sources and the experience of the authors. 
The design parameters are divided into three categories. 
1. Fit parameter levels are determined by the anthropometry of the occupant 
population and include such measures as the length of the seat cushion. 
2. Feel parameters relate to the physical contact between the sitter and the seat 
and include the pressure distribution and upholstery properties. 
3. Support parameters affect the posture of the occupant and include seat 
contours and adjustments. 
There is considerable interaction between parameters, both within and among these 
categories. For example, a change in backrest curvature (Support) will affect the pressure 
distribution (Feel) and also change the effective cushion length (Fit). However, this 
parameter categorization is useful because the knowledge required to specify parameter 
levels in each of these categories comes from distinct areas of research. Fit parameter 
levels are set with reference to anthropometric measures using data on the distributions of 
particular body dimensions in the population. Feel parameter levels are set using a 
combination of subjective assessments and objective measurements made with tools, such 
as pressure measurement mats and sweat impulse testers. Support parameters, which 
include lumbar support and backrest angle, are specified with reference to physiological 
measures related to internal body stresses associated with various postures. Data to 
support these parameter specifications have come from studies of back muscle activity, 
lumbar disc pressure, and spine radiographs. 
For Fit parameters, there is considerable agreement among various researchers 
concerning the methodology to select an appropriate design value, if not the actual value. 
In these cases, the recommendations are adapted from those in two summaries of 
ergonomic seat design practice: Chaffin and Andersson (1991), and Reynolds (1993). 
Chaffin and Andersson present recommendations for office and industrial chair design; 
Reynolds discusses auto seats. As indicated above, there is considerable overlap between 
these areas. Where necessary, reference is made to the original source materials used in 
these summaries. Additional consideration is given to a contemporary design guide from 
General Motors (Maertens 1993). Comparisons are made between the auto 
recommendations in Maertens and the body of ergonomic literature directed toward 
general seating. In some cases, deviations from the Maertens design guide are 
recommended. 
Feel parameters are the least understood because research tools to make objective 
measurements in this area have only recently become available, and because the 
subjective and complex nature of these parameters makes them difficult to specify in 
quantitative terms. The most frequently investigated of the Feel parameters is the 
pressure distribution at the interface between the sitter and seat. There is little agreement 
in the literature concerning desirable characteristics of a pressure distribution, except that 
areas of high pressure should be avoided. In Section 3 of this report, the findings and 
recommendations from a number of researchers are presented, along with the 
recommendations of the authors for applying the current body of knowledge to seat 
design. 
The most controversial Support parameters pertain to "lumbar support," which 
generically refers to the contour of the lower half of the backrest that is assumed to 
provide stabilization to the lumbar portion of the spine. Although some seats are 
referred to as lachng lumbar support, any seat that contacts the sitter in the lumbar region 
provides some support to the lumbar spine. Consequently, the question is not whether a 
seat should have "lumbar support," but rather how the lower part of the backrest should 
be constructed to support the lower back optimally. Most research in this area has 
focused on physiological stresses associated with various spine postures. Backrest 
contours have been recommended that correspond to the back shapes found to result in 
reduced muscle and spine stress. However, evidence that these backrest contours actually 
produce the desired postures is sparse. Section 4 of this report describes some of the 
more influential studies concerning lumbar contour, backrest angle, pan (cushion) angle, 
and a few other seat design parameters related to support, along with recommendations 
based on the current state of knowledge in this area. 
The following sections present a discussion of the relevant literature and recommended 
design values for each parameter. The recommendations are compiled in Section 6.0, 
along with figures illustrating the parameter definitions. The Appendix contains a large 
bibliography of literature related to comfort in automobile seats. 

2.0 FIT PARAMETERS 
The principle that the seat should fit the sitter is the most univers;lly employed concept in 
seating ergonomics. People had used chairs for centuries before Akerblom's 1948 
monograph, relying on the experience of furniture makers to produce a match between 
the sitter and the seat. If a chair is to be used by only one sitter, careful measurements of 
that person's body will yield appropriate dimensional specifications for the seat. 
However, in the passenger car market, where a single seat must accommodate a large 
percentage of the population, knowledge of population anthropometry is required. 
The constraints on Fit parameter design values are usually imposed by the desire to 
accommodate a sufficient range of the population on one anthropometric measure. A 
widely used design criterion is that the seat should accommodate the members of the 
population who lie between the 5th-percentile-female and 95th-percentile-male values on 
some anthropometric measure of interest. Note that it is not meaningful to refer to 
accommodating, for example, a 5th-percentile female, without specifying the dimension 
that is accommodated. For example, a woman who is 5th percentile in sitting height 
might have thighs that are shorter than 5th percentile for thigh length, so that she might 
be accommodated with respect to her view of the instrument panel, but experience 
uncomfortable pressure on the back of her knees from a seat cushion that is too long. 
In general, Fit parameter levels are specified by noting the constraining values among the 
set of 5th-percentile-female and 95th-percentile-male values for particular anthropometric 
dimensions. In the case of cushion width, the 95th-percentile-female hip width is used as 
a specification limit, since this measure exceeds the 95th-percentile-male hip width. The 
case of cushion width is a good example of how parameter levels might appropriately be 
selected in practice. Using the methodology described above, the minimum cushion 
width would be chosen to be greater than the 95th-percentile-female seated hip breadth of 
432 mm (Gordon et al. 1989). However, a larger minimum cushion width would be 
desirable, mainly because the anthropometric measure does not include clothing. Since 
an auto seat must generally be suitable for use in cold climates where heavy clothing is 
worn, a margin must be included for clothing thickness. Grandjean (1 980) recommended 
a minimum cushion width of 480 mm, including clothing and an allowance for leg splay. 
A good design practice would be to provide clearance for a width of 500 mm at the hips. 
Note that this does not mean that the cushion itself must be this wide, but only that the 
clearance at the hip point should meet or exceed this value. 
Other parameters should be considered in the same way as the cushion width. The 
procedure followed here is to (1) identify the members of the population who represent 
the extreme of the accommodation range (e.g., small women), (2) select the relevant 
anthropometric values, (3) determine appropriate values for the selected anthropometric 
measurements, and (4) provide for a t  least that level of accommodation. 
Some anthropometric values cited in this report are obtained from Gordon et al. (1989), a 
comprehensive anthropometric survey of military personnel. To the extent to which these 
data can be compared with civilian data (e.g., Abraham et al. 1979), the data appear 
suitable for predicting U.S. population anthropometry. The much larger number of 
anthropometric measures available in the military survey make those data more useful 
than the civilian data for specifying seat fit dimensions. However, in comparison with 
the driving population, the military sample has a narrower age range and probably 
includes subjects who are more physically fit, on average, than the general population. 
These limitations should be considered in applying recommendations based on these 
numbers. 
2.1 Cushion Width 
Cushion width is specified to accommodate the largest sitting hip breadths in the 
population, with additional clearance for clothing and movement. The constraining 
population segment is large females, who have a 95th-percentile seated hip breadth of 
432 mrn in the Army data. However, Chaffin and Andersson (1991) cite a study of 143 
women aged 50-64 years who had a 95th-percentile hip breadth of 457 mm. The higher 
number might be more representative of the driving population than the military data 
taken from younger subjects. Schneider et al. (1985), in a study of driver anthropometry, 
reported an average seated hip breadth of 439 mm in 25 males who were approximately 
95th-percentile by stature and weight. This is slightly larger than the 95th-percentile- 
female hip breadth in the Army data. Grandjean (1980) recommends 480 mm as a 
minimum clearance at the hips to accommodate large females with an allowance for 
clothing. The 480-mm value should be considered to be a minimum to accommodate the 
population at a single position on the seat. Maertens (1993) recommends a minimum 
overall cushion width of 500 mm, but does not specify the position at which this 
dimension is to be measured. Chaffin and Andersson (1991) cite recommendations 
from a variety of sources for office chair widths between 400 and 480 mm. Since 
freedom of movement is desired to allow for posture changes, 500 mm is recommended 
as the minimum clearance at the hips. 
This does not mean that the seat cushion itself must be 500-mrn wide at the hips. An 
actual cushion width of 432 mm should be adequate for a single posture, provided that 
500-rnrn clearance is provided for the hips in the area between 50 and 150 mm above the 
depressed cushion surface. This requirement primarily constrains the positioning of side 
bolsters and frame components within 250 rnrn of the seat centerline. In considering 
lateral clearance, it is important to make measurements with reference to the depressed 
seat surface. Seat structures that do not pose a lateral obstruction on the undepressed seat 
may contact the sitter's hips when the seat cushion is depressed. Further, the seat cushion 
should deflect evenly across a lateral section at the hips. If the cushion is stiffer at the 
outer edges because of interference from seat structures, a hammocking effect will 
constrict the sitter's buttocks, causing the seat to feel too narrow even if the dimensional 
specifications are met. 
The forward part of the cushion should allow the legs to splay at least as wide as the 
recommended minimum hip clearance of 500 mm. Leg splay can be used by the sitter to 
change the pressure distribution on the buttocks by redirecting load away from the ischial 
tuberosities (see Section 3.1) and should not be overly restricted by side bolsters. 
Summary 
Seat cushions should be a minimum of 432 mm wide, with 500 mrn minimum clearance 
at the hips. The front of the cushion should be a minimum of 500 rnm wide to allow for 
comfortable leg splay. 
2.2 Cushion Length 
Cushion length is an important determinant of comfort for several reasons. First, a 
cushion that is too long can put pressure on the back of the sitter's legs near the knee, an 
area that has many superficial nerves and blood vessels. Pressure in this area will lead to 
local discomfort and restricted blood flow to the legs. Second, a cushion that is too long 
will pull sitters forward, away from the backrest, eliminating the possibility of providing 
appropriate lumbar support. Third, a long cushion can restrict leg splay by interfering 
with knee movement, and may impede posture changes that alter pressure distributions 
under the buttocks and upper thighs. 
Cushion length is constrained by the buttock-to-popliteal length of the small-female 
segment of the population. This dimension is measured on the seated subject from the 
rearmost projection of the buttocks to the popliteal fold at the back of the knee. Gordon 
et al. (1989) report a 5th-percentile-female buttock-to-popliteal length of 440 mm. For 
general chair design, Chaffin and Andersson (1991) cite recommendations for cushion 
length, measured from the furthest forward contact point on the backrest to the front edge 
of the chair, of 330 to 470 mm. Grandjean (1980) recommends 440 to 550 mm, while 
Keegan (1964) recommends 432 mm. Maertens (1993) specifies that the cushion should 
not extend more than 380 mm forward of the H-point (hip point), which is a seating 
reference point approximating the hip-joint center location of a male sitter who is 50th 
percentile by height and weight (see SAE 5826). Some calculations are necessary to 
compare the Maertens recommendations with those of other researchers. 
In a study of driver anthropometry, Schneider et al. (1985) recorded the postures of small 
females, mid-sized males, and large males in representative passenger car seats. The 
small-female sample in that study was approximately 5th percentile by height and weight. 
Buttock-to-knee length (measured to the front of the knee, rather than the popliteal fold) 
was 527 mm, compared with a 5th percentile for that measure in the Army data of 542 
mm. The latter subjects can therefore be considered reasonably representative of the U.S. 
small-female driver population with respect to thigh length. From the Schneider et al. 
(1985) measurements taken with small-female subjects in a contoured hardseat, the 
distance from the H-point to the back of the buttocks on a line connecting the knee joint 
and hip joint is approximately 135 mm ( c j  the same measure on the "Oscar" 2-D seating 
template (Geoffrey 1961) of about 145 mm). Maertens' maximum cushion length 
recommendation is measured horizontally from the H-point to the forward-most point on 
the cushion. Assuming a thigh angle of 15 degrees, Maertens' 380-mm horizontal 
measurement represents 393 mm along the thigh. Adding 135 mm to account for the 
distance from the H-point to the back of the buttocks, the buttock-to-popliteal clearance is 
528 mm as shown in Figure 1. Since 528 mm is substantially greater than the 5th- 
percentile-female buttock-to-popliteal length of 440 mm, this analysis suggests that the 
Maertens recommendation is not sufficiently conservative to accommodate smaller 
subjects. In fact, 528 mm is greater than the buttock-to-popliteal length of 80 percent of 
the male subjects in the Army survey (80th-percentile male = 523 mm). 
Summary 
The cushion length, measured along the thigh line, should not exceed 440 mm from the 
depressed backrest, or 305 mm from the H-point. An adjustable-length cushion could be 
used to provide more under-thigh support for larger people, but only a small range of 
adjustability is needed. The 95th-percentile-male buttock-to-popliteal length is 545 mm, 
105 mm greater than the 5th-percentile-female length, so a seat-cushion length increase 
of 105 mm should be considered the maximum necessary. For sittefs with long legs, the 
cushion may feel too short if the thigh angle relative to the horizontal is substantially 
greater than the cushion angle, so that only the buttocks are in contact with the seat. 
These sitters will be accommodated better by an adjustable cushion angle than by a 
greater cushion length. 
Recommendation 
380 2 
/ Current recommendation: Cushion length along thigh line not greater than 440 rnrn from 
depressed seat back. 
Figure 1. Comparison of Maertens' (1993) and current recommendations for maximum cushion length. 
(Dimensions in mm -- see text for explanation.) 
2.3 Backrest Width 
Minimum backrest width at the waist level is constrained by the back width of the large- 
male segment of the population. At waist height, 95th-percentile-male back width 
measured on a standing subject is 360 mm in the Army survey. In the Army survey data, 
95th-percentile-male seated waist height (above the rigid seat surface) is 3 15 mm. 
Schneider et al. (1985) report a seated waist breadth of 361 rnm for large males 
(approximately 95th percentile by height and weight). Consequently, the recommended 
width at the narrowest part of the backrest, 315 mm above the depressed seat cushion or 
220 rnrn above the H-point, measured along the H-point manikin backrest line, is 360 
mrn. (The vertical distance relative to the H-point was calculated by assuming a 95-mm 
distance from the point of maximum deflection of the seat surface to the H-point.) In 
practice, the minimum backrest width should be larger to allow for posture changes and 
clothing. 
The backrest width above and below the waist level should be larger to accommodate the 
greater hip width below and chest width above. In the upper part of the backrest, the 
minimum backrest width should provide support for the width of the chest of a large male 
when reclining. The interscye distance, measured across the back between the posterior 
axillary folds, is an appropriate anthropometric reference measurement. In the Army 
data, the 95th-percentile-male interscye distance is 456 rnrn. (Although this measurement 
was taken with a tape measure held against the skin, it is sufficiently close to the linear 
distance to be used for current purposes.) The sitting height of the posterior scye was not 
measured in the Army survey, but Schneider et al. provide posterior scye height for large 
males in an automobile seating posture. Using the trochanterion height from 
Schneider et al. as an approximation of H-point height, the vertical distance from 
posterior scye to H-point for large males is approximately 295 mm. Assuming a 
22-degree back angle, the measurement along the back line is 3 18 mm. These data 
suggest a minimum backrest width of 456 mm at a distance of 3 18 mm above the H-point 
measured along the manikin back line. As with the seat cushion width recommendations, 
a value larger than the minimum presented here is desirable to allow for a range of 
postures. 
Since the effective backrest width is integrally tied to the backrest contour, some 
discussion of lateral contour is necessary in this context. The contour of the backrest 
behind the shoulders of the sitter should be nearly flat to avoid interference with arm 
movement. The sitter should be able to extend his or her inboard arm straight to the side 
without interference from the seat. The maximum height of lateral supports or "wings" 
on the backrest can be determined by estimating the posterior scye height of small 
women. Using data from Schneider et al., the posterior scye height for small females 
(approximately 5th-percentile female by height and weight) is about 30 mm lower along 
the back line than the large-male scye height, or about 288 mm above the H-point along 
the back line. Consequently, any lateral contouring or wings should not extend more than 
288 mm above the H-point along the manikin back line. 
Reynolds (1993) uses the 95th-percentile-male chest width of 367 mm to specify 
minimum width in the upper part of the backrest. However, the chest width in the Army 
data cited by Reynolds is an anterior measurement that is smaller than the posterior 
measurement, which includes the width of the latissimus muscles. Grandjean (1980) 
recommends 480 mm for backrest width, which is compatible with the upper-back width 
obtained from the above analysis of large-male anthropometry. Most of the 
recommended ranges for backrest width cited by Chaffin and Andersson (199 1) for office 
chairs range between 360 and 400 mm. Typically, a narrower backrest would be desired 
in an office chair than in an auto seat to provide for greater upper-torso mobility in a 
larger work envelope. In an auto seat, a wider backrest provides more lateral stability for 
the sitter during cornering maneuvers. 
Maertens (1993) specifies lateral radii of curvature rather than widths for the backrest, 
and specifies different radii for different vehicle types, from sporty to luxury cars. These 
radii may be compared to the widths specified above by considering a particular body 
depth and calculating the clearance provided at that depth by the specified radius. For 
sporty cars, Maertens recommends a minimum lateral contour radius of 300 mm at a 
lumbar height of 250 mm above the depressed seat surface. From the Army survey, the 
95th-percentile-male abdominal extension depth is 290 mm. Taking one-half this value 
as a representative depth for the widest part of the abdomen gives 145 mm as shown in 
Figure 2. On a line 145 mm forward of the maximum backrest indentation, the effective 
backrest width with a 300-mm radius is 514 mm, substantially greater than the 360 mm 
necessary to accommodate the 95th-percentile-male waist width. Since the Maertens 
recommendations for other types of cars are 450-mm and 800-mm radii, a large 
percentage of the population will be accommodated by these recommendations. 
Maertens also recommends that the thoracic section of the backrest, 321 mm above the 
H-point along the manikin back line, have a nearly flat lateral contour, specifying a 1- 
meter minimum radius of curvature for the contour in that area. 
Summary 
The backrest should be a minimum of 360 mm wide at a point 220 mm above the H-point 
along the manikin back line, and a minimum of 456 mm wide at a point 3 18 mm above 
the H-point. There should be no lateral clearance restrictions (i.e., no side bolsters) 
extending more than 288 mm above the H-point. 
Maerten's Recommended 
Figure 2. Illustration of compatibility between Maertens' (1993) lateral backrest contour specification for 
250 mm above the depressed seat surface and 95th-percentile-male waist dimensions. 
Waist cross-section is shown as an ellipse--actual configuration is flatter toward the rear. 
2.4 Backrest Height 
Backrest height requirements are affected by geometric constraints imposed by 
FMVSS 202 (U.S. Office of the Federal Register 1992) dealing with head restraints for 
protection in rear impacts. Within these constraints, there is only a small range of 
backrest heights that can be specified. From strictly anthropometric considerations, the 
backrest should be as high as possible without restricting rearward vision for small 
drivers. The acromial (shoulder) height is a reasonable anthropometric measure to use to 
set the parameter level. The 5th-percentile-female acromial height is 414 mm above the 
H-point, while the 95th-percentile-male acromial height is 551 mm above the H-point 
(Gordon et al. 1989). For comparison, the 5th-percentile-female eye height is 590 rnm 
above the H-point. Thus, backrest heights within the range of 5th-percentile-female to 
95th-percentile-male acromial heights will adequately accommodate the population. 
Note from the previous discussion of backrest width that the 95th-percentile-male 
posterior scye height is 3 18 mm above the H-point, so that a backrest designed to the 5th- 
percentile-female acromial height (414 mm) will still provide substantial upper-back 
support to a large male. 
Maertens (1993) recommends that the termination of upper back contact with the seat 
(using a design manikin) should be 450 to 500 mm above the H-point, or 545 to 595 mm 
above the depressed seat surface, depending on the style of the seat. This range will 
provide adequate upper-back contact for large males. Grandjean (1980) recommends a 
500-mm backrest height, or 405 mm above the H-point. 
Summary 
The backrest should extend 410 to 550 mm above the H-point, measured along the 
manikin back line. 
3.0 FEEL PARAMETERS 
Design parameters that affect the local sensation of comfort at the interface between the 
sitter and seat are called Feel parameters. As noted above, this analysis assumes that 
comfort is the absence of discomfort, so that optimal levels for Feel parameters are those 
that minimize discomfort. The possibility that the surface texture of the seat may 
promote, for example, a feeling of luxury, is not considered here. 
The effects of Feel parameters are detected by nerve receptors in the skin and superficial 
underlying tissues. Four stimuli applied to the skin surface are important contributors to 
local tissue discomfort. 
Pressure (force directed normal to the skin surface) is generated whenever the tissue 
bears external load. Of course, the skin is continually under hydrostatic pressure from the 
atmosphere, but this pressure does not cause discomfort. In fact, the skin and underlying 
tissues are remarkably impervious to hydrostatic pressure (equal components in all 
directions) as when submerged in water. Body tissues can readily tolerate up to 240 psi 
(12400 mm Hg) hydrostatically, equivalent to 500 ft under water. However, uniaxial 
local pressure of as little as 1 psi (50 rnrn Hg) can cause pathological changes in body 
tissues (Chow and Odell 1978; Husain 1953). The physiological effects of surface 
pressure in seating are due to deformation of the skin and underlying tissues, resulting in 
occlusion of blood vessels and compression of nerves. Pressure on nerves can cause 
discomfort immediately, while loss of blood circulation leads to discomfort as cell 
nutrition is interrupted and metabolites build up in the tissues. The state of stress in body 
tissues produced by application of external pressure can be decomposed into a 
combination of hydrostatic and shear stresses. Chow and Odell (1978) point out that 
since body tissue is relatively impervious to hydrostatic stress, it is the shear stress and 
accompanying deformation that are harmful. 
Shear stress results internally whenever a uniaxial load is applied to the skin, as is the 
case in sitting when pressure is applied to the dorsal surfaces of the buttocks and thighs. 
As indicated above, the primary cause of discomfort associated with external pressure is 
the shear stress and deformation that result internally. Shear stresses applied externally 
(surface friction) have a compounding effect, producing larger tissue deformations than 
the surface pressure alone. External shear stress often occurs in seating, particularly 
under the buttock area when the torso is reclined. 
Temperature can affect the local feeling of discomfort, with both high and low 
temperatures being perceived as uncomfortable. Both the foam padding and surface 
material of the seat affect the skin temperature at the interface. 
Humidity interacts with temperature to influence discomfort. Perspiration that is trapped 
against the skin by the upholstery can produce a sticky feeling if the skin is warm, or a 
clammy feeling if it is cold. Both the foam padding and the surface covering of the seat 
are important determinants of local humidity on the seat. 
The Feel parameters described above are discussed in greater detail in the following 
sections. Pressure and shear stress are considered together because their discomfort- 
causing mechanisms are closely related. Similarly, local temperature and humidity are 
usually measured simultaneously and are discussed together. Because of the difficulty in 
measuring the objective levels of these stimuli, as well as the relationships between the 
stimuli and discomfort, the recommendations in this section are more qualitative than in 
those sections dealing with Fit and Support parameters. 
3.1 Pressure and Shear 
Seat surface pressure has been pursued for decades as an objective measure that might be 
suitable to predict the comfort of seats (e.g., Lay and Fisher 1940; Ward and Southall 
1993). Measurement equipment has included a matrix of spring-loaded nails (Reswick 
1961), strain gages (Thier 1963), inductive force transducers (Diebschlag and Miiller- 
Lirnrnroth 1980), a light-transmission Pedobarograph (Treaster and Marras 1989), and 
flexible tactile sensors (Podoloff 1993). 
The appeal of the seat surface pressure distribution as an objective measure of the 
comfort of a seat is that (a) pressure sensors produce data with high numerical resolution, 
(b) excessive pressure is anecdotally and experimentally associated with discomfort, and 
(c) excessive pressure can cause pathology (e.g., decubitus ulcers or bedsores). 
Consequently, there appears to be a simple linkage between the stimulus, the 
physiological response, and the psychological response. However, the actual relationship 
has been found to be more complex. 
There are two primary methods by which researchers have attempted to link discomfort 
and pressure distribution. The first and most common procedure is to measure the 
pressure distribution for a variety of seats or sitting conditions for which subjective 
comfort assessments are also obtained (e.g., Lay and Fisher 1940; Karnijo et al. 1982; 
Date 1988; Lee and Ferraiuolo 1993). Regression analysis can be used to identify 
relationships between discomfort and pressure levels in particular body areas, e.g., under 
the ischial tuberosities. An alternative method is to evaluate the comfort of a large 
number of seats and then to compare the overall pressure distributions of seats judged to 
be "comfortable" with those considered "uncomfortable." Kamijo et al. (1982) present 
an example of the latter method. The pressure distribution produced by a mid-sized 
Japanese male was recorded on 40 seats that were previously evaluated subjectively by a 
panel of fifteen people. The authors do not report the duration of the discomfort 
evaluation trials. The differences in the pressure distributions between seats categorized 
as "comfortable" and "uncomfortable" were used to recommend levels of pressure at 
particular seat locations. 
There are some important limitations to the method of Kamijo et al. First, there is little 
evidence that the specific aspects of the pressure distribution that were selected for 
emphasis (e.g., the pressure in the lower-back area) contributed substantially to the 
overall comfort of the seats. Second, comfort ratings obtained during a short-duration, 
static assessment may not be representative of the long-term comfort of the seat, which 
might be affected more strongly by the pressure distribution. These limitations are 
inherent in the regression method since a linkage between local pressure and discomfort 
is assumed, but a mechanism is not demonstrated. 
The second approach to specifying appropriate pressure distributions is to consider the 
physiological response of the skin and underlying tissue to the application of pressure. 
This area of investigation has received considerable emphasis in the medical and 
rehabilitation literature because of the clinical importance of pressure sores for insensate 
and paralyzed patients (e.g., Bader et al. 1986; Chow and Odell 1978; Drummond et al. 
1982; Hobson 1992; Rosemeyer and Pfijrringer 1979; Sacks et al. 1985; Shields and 
Cook 1992). Application of guidelines developed for these purposes to the design of 
vehicle seats for the entire driving population is problematic for several reasons. Able- 
bodied sitters detect interference with blood flow as discomfort and shift their postures, if 
possible, to reduce the discomfort by relieving the pressure. People at risk for pressure 
sore formation are generally insensate or incapable of voluntary pressure-relieving 
movement, so the duration of application of high pressures is greater. The duration of 
pressure application determines the maximum pressure that can be sustained without 
tissue damage. People who remain in one posture for longer periods of time, e.g., 
wheelchair users, require lower maximum pressure levels than able-bodied sitters to 
avoid pressure sore formation. In general, able-bodied sitters can tolerate higher pressure 
loading, provided they are able to shift postures to relieve pressure. Hence, different 
criteria should be used to design seating for the able-bodied and insensatelimmobile 
populations. 
The aspects of the medical studies of pressure sore formation that are most applicable to 
seating for the general population concern the physiological effects of surface pressure 
and shear on tissue ischemia (Husain 1953; Kosiak 1961). Surface pressure has been 
found to occlude blood vessels in the underlying tissues, particularly near bony 
prominences such as the ischial tuberosities. The level of pressure necessary to cause 
occlusion depends on many factors, including the structure of the tissue (muscle, fat, etc.) 
and the shape of the loading surface. 
It may seem that the most reasonable way to use seat surface pressure data to improve 
seat design would be to modify the seat to reduce the peak pressures and pressure 
gradients to the extent possible. Underlying such an approach must be an assumption that 
the various body regions in contact with the seat have equal tolerance to pressure. This, 
however, is not the case. Many researchers have sought to identify "physiologic" 
pressure distributions that direct the load to the various body tissues proportiopate to their 
ability to withstand that load without discomfort (e.g., Lay and Fisher 1940; Akerblom 
1948; Rosemeyer and Pforringer 1979; Diebschlag and Miiller-Lirnmroth 1980). The 
primary finding has been that the tissue over the ischial tuberosities, typically the site of 
the peak pressure in sitting, is better suited to carrying load than the other tissues of the 
buttock and thigh. 
When a person is seated, the large gluteal muscles are pulled to the side of the ischial 
tuberosities by flexion of the hip joint and pressure from the seat surface, leaving a flesh 
margin of only a few centimeters over the ischii. These areas will bear a substantial part 
of the body weight if the seat surface is flat and firm. Local pressures at the tuberosities 
have been reported as high as 60 psi for heavy, lean subjects on a flat, rigid pressure 
measurement device (Hertzberg 1972). Although sustained high pressure over the 
tuberosities will cause discomfort, the overlying tissue is less sensitive to pressure than 
the muscle tissue surrounding the tuberosities. Muscle responds to pressure with 
ischemia and a burning sensation at lower pressure levels than does the skin and fat tissue 
overlying the tuberosities. 
A desirable seat cushion pressure distribution will therefore maintain the peak pressures 
in the area of the ischial tuberosities. There are few recommendations in the literature for 
the magnitude of the peak pressure. Diebschlag et al. (1988) specifies that pressures 
under the tuberosities should be 1-3 ~ l c m 2  (10-30 P a ,  1.4-4.3 psi) and 0.8-1.5 N/cm2 
(8-15 kPa, 1.2-2.2 psi) in the area around the tuberosities. Large variance in peak 
pressure across sitters can be expected since peak pressure is strongly dependent on body 
weight and build. For example, heavier people will generally exhibit higher pressure 
peaks, but heavy people with substantial fat tissue in the buttock area may experience 
lower pressure peaks than lighter, but leaner, sitters. Because of this variability, it is 
probably unreasonable to specify a target value for peak cushion pressure without also 
including a description of the population for which that value is appropriate. Further, 
some sitters with little internal padding will be more sensitive to peak pressures than 
others because they will experience greater internal tissue stresses under the same pattern 
of external stress. 
As noted above, surface pressure that is not evenly applied over the skin surface 
(nonhydrostatic) produces shear stress and strain in the tissue (Chow and Ode11 1978). 
This resultant shear, rather than the normal stress, is probably responsible for the 
ischemia and discomfort produced by sustained pressure. When shear is applied directly 
to the surface of the skin, the problem is compounded. Hobson (1992) reported that the 
application of surface shear can reduce the pressure required to occlude blood vessels by 
nearly half. Surface shear results when the support force generated by the seat is not 
normal to the skin surface. The most common site of surface shear is under the buttocks, 
where a rearward-directed shear force acts to keep the sitter from sliding forward out of 
the seat. Hobson (1992) investigated the effects of posture on the pressure distribution 
and aggregate seat cushion shear force for twelve spinal-cord-injured and ten able-bodied 
subjects. Reclining the backrest while holding the seat-cushion angle constant was 
found to increase the shear on the seat cushion. For example, a flat seat cushion coupled 
with a 20-degree back angle increased the cushion shear by 25 percent over the erect 
seated condition. Angling the seat pan upward as the back angle is increased reduces this 
effect. 
Since back angles in auto seats are typically 20 to 25 degrees, substantial surface shear 
will be generated on the seat pan if the cushion is not angled and contoured appropriately. 
When the cushion is angled up, or the cushion is contoured to achieve the same net effect, 
the normal force against the buttocks and thighs has a rearward component that acts to 
reduce the surface shear required to maintain the posture. However, the cushion should 
not be angled excessively because the trunwthigh angle may become uncomfortably 
small and posture change (as well as seat ingresslegress) may become difficult. Preferred 
angles for cushion and backrest in the automotive environment are discussed below in 
Section 4. 
Summary 
The lack of consensus regarding the relationship between pressure distribution and 
discomfort, even after decades of research, may be discouraging for the seat designer. 
However, there are several seat design guidelines relating to pressure distributions that 
are justified by the current state of knowledge. 
1. A good seat cushion will produce pressure distributions for sitters with a wide range 
of anthropometry that show peaks in the area of the ischial tuberosities with gradual 
decreases in pressure toward the front and sides of the cushion. The pressure under 
the distal half of the thigh (e.g. from 200 mm forward of the H-point to the front of 
the seat) should be minimal. Akerblom (1948) and others have pointed out that the 
under-thigh tissue has minimal resistance to deformation until the tissue nears its 
compression limit against the femur, leading to considerable restriction of circulation 
and consequent discomfort. Particular attention should be paid to the pressure 
distributions of short persons, who are more likely to encounter interference from the 
front edge of the cushion. 
A reduction in the pressure gradient is also desirable, since the pressure gradient is 
likely related to internal shear. Typically, a high pressure gradient would be observed 
near the tuberosities on a very firm cushion. Softening the cushion slightly would 
reduce both the peak pressures and the gradients. 
2. Backrest pressure distributions should show peaks in the lumbar area. Karnijo et al. 
(1982) found lumbar pressure peaks of about 2.5 kPa in seats judged to be 
comfortable compared with lower values in uncomfortable seats. A backrest with 
adequate lumbar support will produce pressure peaks in the lumbar area, but 
excessively high pressures due to a very firm lumbar support can lead to discomfort 
in long-term sitting (Reed et al. 199 la, 199 1 b). 
Some sitters will produce relatively even pressure distributions, even on hard seats, 
because of ample physiological padding, while other more lean subjects will produce 
high pressure peaks even on a well-padded seat. Since the former are not likely to 
experience discomfort because of excessive local pressure, it is reasonable to restrict 
many pressure distribution investigations to specific subpopulations who are 
particularly sensitive to changes in seat cushioning, namely, heavy, lean subjects, and 
small subjects for whom cushion-leg interference is more likely. Seats designed to 
meet the pressure requirements of these sitters are likely to be acceptable to others as 
well. 
4. The use of excessive seat padding to reduce peak pressures by more evenly 
distributing pressure on the seat pan is likely to contribute to discomfort by restricting 
pressure-relieving movement (Akerblom 1948; Grandjean 1980). The design of the 
seat cushion should allow easy transitions to multiple postures so that sitters can 
adjust their pelvis placement to alter the pressure distribution patterns. If the cushion 
is too soft, changing the pelvis position within the constraints imposed by the driving 
task will not substantially alter the pressure distribution. 
Once a pressure distribution with peaks near the tuberosities surrounded by a smooth 
gradient has been obtained, subjective assessments by sensitive subjects over a long-term 
sitting session should be used to determine if peak pressure reduction accomplished by 
the seat padding is sufficient. No local maxima should be found in the pressure 
distribution outside the tuberosity and lumbar areas. 
3.2 Temperature and Humidity 
The microclimate at the interface between the sitter and seat is important to the overall 
comfort of the seat. Glassford and Shvartz (1979) estimate that the metabolic heat 
production of a driver is approximately 191 W. Considering a typical driver to have 
1.8 1 m2 of skin surface area, Glassford and Shvartz estimate that the average surface heat 
flux must be about 105 W/m2. Heat is transferred away from the body surface by 
conduction, convection, radiation, and evaporation. At the interface between the sitter 
and seat, conduction and evaporation are the primary means of removing heat from the 
skin surface. 
The skin temperature in body areas contacting the seat will approach body core 
temperature because of the insulating effect of the seat padding and covering. Glassford 
and Shvartz report that an acceptable skin temperature range is 92 f 2.6 degrees F 
(33f 1.4 degrees C). However, the most important aspect of the microclimate is the 
humidity, which is determined by the amount of moisture released by the skin and the 
water vapor permeability of the seat. A buildup of humidity at the skin surface can lead 
to discomfort, partly because of an increase in the coefficient of friction when the s h n  is 
moist. This is particularly important during conditions of high heat loading on the 
occupant, for example, when driving on warm, sunny days. 
Several researchers have addressed the vapor permeability of seat padding and covering 
materials. Glassford and Shvartz investigated 45 trim-cover materials, 16 trim pads, and 
five foam-cushion pads for impedance to body heat loss using a laboratory apparatus 
designed to simulate the temperature and water vapor production of the skin. The authors 
established a minimum desirable heat flux of 75 W/m2. The heat flux of the typical 
seating materials they investigated ranged from 20 w/m2 to 110 w/m2, indicating that 
some of the materials would be unacceptable as seat coverings. Glassford and Shvartz 
found that small perforations in the surface of an otherwise unacceptable covering could 
bring the heat transfer capabilities into an acceptable range. 
Temrning (1993) introduced an advancement of the Glassford and Shvartz technique that 
utilized a "sweat impulse test" to assess the suitability of car seats for warm-weather use. 
A heated pad moistened with a fixed amount of water was placed against the seat surface 
for a period of three hours. Temperature and humidity sensors between the pad and the 
seat monitored the microclimate as the water diffused into the seat. A weight placed on 
the pad loaded the surface to a pressure approximating that produced by a seated 
occupant. The water vapor permeability was evaluated for different seats by comparing 
the rate at which the humidity at the test site decreased. Large differences in permeability 
were found among production car seats. The backrests of seats were generally found to 
have higher permeability than the seat cushions, probably because of thinner foam 
padding on the backrest. Temrning does not specify a particular level of vapor 
permeability that is acceptable, but suggests that higher permeabilities will lead to greater 
comfort, particularly under high heat load (summer) conditions. 
Diebschlag et al. (1988) report studies of the effect of foam type, thickness, and 
compression on vapor permeability and the resulting effect on the microclimate against 
the skin. Although different foam compositions varied in their permeability, water vapor 
transfer increased with foam compression up to about 80 percent of full thickness, above 
which the permeability dropped markedly. As the foam is compressed, the shorter 
diffusion distance speeds vapor transfer until the compression is sufficient to occlude the 
minute passages in the foam and block the water vapor. Diebschlag et al. also found that 
perforations greatly increased the vapor permeability of covering materials. The authors 
suggest that the vapor permeability of upholstery can be increased up to 85 percent by 
appropriately placed perforations representing a total of only 10 percent of the seat 
surface area. 
Summary 
Few studies have reported quantitative assessments of the microclimate at the sitter-seat 
interface that can be used to design more comfortable seats. The key findings are: 
1. Body heat and water vapor must be allowed to pass through the seat. Seat coverings 
that substantially impede heat or water vapor transfer are to be avoided. 
2. The total heat flux through the seat, including heat transfer due to evaporation, should 
be about 75 W/m2. Perforated cover materials are desirable because of reduced 
resistance to water vapor diffusion. 
3. "Bottoming out" of foam padding should be avoided because of the large increase in 
resistance to water vapor diffusion that occurs when foam compression exceeds 80 
percent. Careful investigation of areas where padding is thin, for example, in the 
lower-back region, should be made to ensure that acceptable vapor permeability is 
maintained under a wide range of sitting conditions. 
4.0 SUPPORT PARAMETERS 
Support parameters are defined to be those that are intended to influence the posture of 
the sitter. These parameters include the contour of the seat and the relative position and 
orientation of the seat cushion and backrest. Clearly, there is substantial interaction 
between the Support parameters and the Fit and Feel parameters. For example, a change 
in backrest contour will change the backrest pressure distribution and may affect sitters 
differentially depending on anthropometry. In spite of these interactions, it is useful to 
consider these parameters with respect to their effects on posture, since the specifications 
are generally driven by a desire to promote, or to provide for comfort in, particular 
postures. 
Although any aspect of seat surface contouring could be considered as a Support 
parameter, few are quantified in the literature, and most have more importance in 
consideration of body pressure distribution rather than posture. An important exception 
is the longitudinal backrest contour, particularly in the lower-back region, where the 
contour is frequently referred to as the lumbar support because the reaction forces 
generated by the seat are directed in the vicinity of the sitter's lumbar spine. Lumbar 
support has become a controversial subject of research, primarily because of the 
widespread prevalence of lower-back discomfort associated with sitting, particularly in 
vehicle seats. Section 4.1 summarizes the salient research findings concerning the 
appropriate function and specification of lumbar support for car seats. 
The overall body posture can be characterized by angles at the various joints that divide 
the body into a mechanical linkage. Several authors have recommended target postures 
based on these joint angles. Section 4.2 summarizes these recommendations and 
discusses the physiological motivation behind them. Seat adjustments that can be 
provided to the sitter for customization of the seat support are also discussed. 
4.1 Lumbar Support 
There are four primary methodologies that have been used to infer proper lumbar support 
configuration. 
1. Anthropometry. Targeting a support to the lumbar area requires an accurate and 
precise description of the position and orientation of the lumbar spine for a wide 
range of anthropometry. 
2. Electromyography. Back muscle activity, as measured by electromyography (EMG) 
has been used to examine the physiological reactions to various lumbar supports. The 
hypothesis is that less back muscle activity is desirable because it may lead to reduced 
muscle fatigue and reduced discomfort. 
3. Intradiscal Pressure Measurement. In-vivo measurements of lumbar intradiscal 
pressure have been made to study the effects of different postures and lumbar support 
configurations on axial spine loading. Lumbar support configurations that reduce 
intradiscal pressure have been recommended as a result of these experiments. 
4. Subjective Evaluations. Many researchers have solicited subjective evaluations of 
lumbar supports to determine configurations that sitters prefer. However, the large 
variance in these measurements has been responsible for the appeal of the "objective" 
measures described previously, which may provide a physiological explanation for 
the subjective assessments. Ultimately, however, the primary goal of seat design is 
comfort, so the subjective assessments are the standard against which the objective 
measures should be compared, rather than the reverse. 
The lumbar support recommendations resulting from each of these methodologies are 
considered in turn, although many studies include more than one of these methodologies. 
Anthropometry 
The most important characteristic of a lumbar support is that it should be located in close 
proximity to the lumbar spine of the sitter. Precisely where in the lumbar area the support 
should be located is the subject of both physiological and comfort studies (see below), but 
the location of the lumbar spine of the sitter is the subject of anthropometric studies. The 
data most applicable to the automotive environment are found in Schneider et al. (1985). 
Stereophotogrammetry was used to record the three-dimensional locations of body 
landmarks, including targets on the pelvis and spine. Twenty-five subjects were selected 
in each of three categories: small female, mid-sized male, and large male. The small- 
female subjects were approximately 5th percentile by stature and weight for U.S. females, 
the mid-sized males were approximately 50th percentile by stature and weight for U.S. 
males, and the large males were approximately 95th percentile by stature and weight for 
U.S. males. 
Data were recorded with each subject seated in a wooden seat shaped to be representative 
of the indented contour of a production car seat for similar-size drivers (see Schneider et 
al. 1985, for methods). The positions of the L2 and L5 spinal processes were recorded 
and averaged for each subject group. The data are presented in Table 1. Coordinates are 
expressed relative to the H-point (estimated hip joint center), with X positive forward and 
Z positive upward. Y-axis coordinates (medial-lateral dimension) are all zero since the 
points lie on the seat centerline. To obtain a useful dimension for locating a lumbar 
support, the locations of the L2 and L5 surface landmarks are expressed as distances up 
the torso line from the H-point. The torso line is defined as a line in the midsagittal plane 
connecting the H-point and shoulder (greater tubercle of the humerus). For each of the 
subject groups, the torso line is 22 degrees. Table 2 and Figure 3 show the distance up 
the torso line for L2 and L5 by group. 
Table 1 
Location of Surface Landmarks Relative to H-point 
































Location of L2 and L5 with Respect to Torso Line 
(Dimension in mrn) 
* Includes 18-rnm distance added to correct pelvis position (see text). 
Calculated using 95-mm distance from H-point to depressed cushion 
along torso line (see text). 
Dimension 
Torso Angle (H-point to shoulder 
from vertical) 
L2 distance up torso from H- 
point* 
L5 distance up torso from H- 
point* 
Range (L5 to L2) from depressed 
seat cushion* 
Figure 3, Lumbar surface landmark locations on torso line from Schneider et al. 1985. 
SF = Small Female, MM = Mid Male, LM = Large Male. Dimensions in mm. 
Some corrections to the Schneider et al. (1985) data have been made in this analysis. The 
distance from the H-point to the seat surface along the torso line in the Schneider et al. 
data for the mid-sized male is approximately 113 mrn, but data recently collected at 
UMTRI (Manary et al. 1994) suggest that the appropriate dimension is about 95 mm, a 
difference of 18 mm. Thus, 18 mm was added to the lumbar distances from the H-point 
measured along the torso line (i.e., the H-point was lowered relative to the spinous 
processes). A similar adjustment has been made by Haas (1989) to make the Schneider et 
al. lumbar-spine length consistent with Snyder, Chaffin, and Schutz (1972), who 
performed an x-ray study of seated subjects. The adjusted Schneider et al. data for 
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Nyquist and Patrick 1976). Several other researchers have used the UMTRI data to make 
recommendations for lumbar support locations (Hubbard and Reynolds 1984; Robbins 
1986). 
Another useful anthropometric relationship noted by Cleaver (1954) is that the center of 
the lumbar spine in a sitting subject is approximately coincident with elbow height. In 
Gordon et al. (1989) the 5th-percentile-female to 95th-percentile-male range for erect 
seated elbow height above a rigid seat surface is 176 to 274 rnrn, or 8 1 to 179 mm above 
the H-point, using the 95-mrn H-point-to-seat-surface offset. The median male elbow 
height is 232 mm above the seat surface, or 137 mm above the H-point. These estimates 
are in good agreement with the UMTRI data for lumbar spine location. Porter and Norris 
(1987) found the average height of L5 above a rigid seat surface of ten men and ten 
women to be 210 mm, or approximately 115 mm above the H-point. This compares 
favorably with the average over the three subject sizes in the UMTRI data of 101 mm 
above the H-point. The vertical measurements taken from subjects in an erect seated 
position should be compared to measurements made along the back line of the manilun. 
Having located the lumbar spine, the questions remain: where in that range should the 
support be centered and how prominent should the support be? Answers to these 
questions have been addressed through investigation of back muscle activity and spine 
loads, as well as by subjective assessments. 
Electromyography 
Electromyography (EMG) is the recording of the electric impulses in the body generated 
by the process of muscle activation. Although these signals can be monitored by needle 
electrodes inserted in the muscle tissue, surface electrodes attached to the skin over the 
muscle belly are most frequently used in seating research and provide more reliable 
measures of aggregate muscle activity. The EMG signal amplitude has been found to 
vary approximately linearly with the muscle force, although it is very difficult to isolate 
the force produced by many muscles, for example, those in the back. Chaffin and 
Andersson (1991) present a review of EMG methods. 
The hypothesis behind EMG studies of sitting posture and chair design is that lower 
levels of muscle activity will result in less muscle fatigue and discomfort, so chair 
designs that result in lower EMG levels are desirable. The most important EMG studies 
of sitting postures were conducted by Andersson and coworkers (1974a, 1974b, 1974c, 
1974d, 1974e), who measured back muscle activity in a variety of seats, including a 
specially constructed laboratory chair, an office seat, and an automobile seat. Andersson 
et al. (1975) provide a useful summary of this work. 
Of the seat parameters studied, backrest angle and lumbar support prominence were 
found to have the greatest influence on back muscle activity. Increasing the angle of the 
backrest relative to the horizontal from 90 degrees to 110 degrees reduced muscle activity 
in the lumbar spine area by about 40 percent. In these studies, backrest angle was 
described as the angle of the backrest surface, which for the rigid experimental chair was 
well defined. For the automobile seat, the angle of the backrest surface, presumably 
measured in an undepressed condition, may not be identical to the seatback angle 
measured by the H-point manilun (SAE J826), but the trend toward reduced back muscle 
exertion at increased recline angles is clear, regardless of the angle measurement method. 
The prominence of the lumbar support was also found to affect back muscle activity. In 
studies on a car seat (Andersson et al. 1974b), increasing the lumbar support prominence 
from 0 to 50 mm reduced the EMG amplitude at the L1 level by about 50 percent, with 
the absolute magnitude of the reduction dependent on backrest angle. The definition of 
the lumbar prominence on the car seat is not clear, but the definition used in other papers 
by the same research group is probably applicable. The lumbar support prominence on 
the experimental chair was measured perpendicular to the plane of the backrest, which the 
subject's buttocks and thorax contacted during testing. This method of measurement 
appears to be equivalent to the depictions of the lumbar curve in the specifications 
provided by Maertens (1993). 
Hosea et al. (1986) examined the effect of lumbar support prominence and backrest angle 
on back muscle activity in an on-the-road experiment. The results are consistent with 
Andersson et al., in that increasing the backrest angle from 100 degrees to 120 degrees 
resulted in large decreases in the amplitude of lumbar muscle EMG. Lumbar support 
prominences of 30,50, and 70 mm were tested. The 30- and 50-mm prominences 
produced equivalent back muscle activity in the lumbar and thoracic regions, while the 
70-mm prominence resulted in an increase in EMG amplitude. The lumbar support 
prominence was not clearly defined, but references in the paper to Andersson's work 
suggest that a similar interpretation is appropriate. 
Intradiscal Pressure 
Andersson et al. (1974a, 1975) note that, although the etiology of low-back pain is often 
unclear, there is considerable evidence that persons with chronic low-back pain suffer 
more when the mechanical stresses on their lower backs are increased. Reduction in 
lower-back stress is therefore desirable to aid those with existing back pain, and may help 
to prevent its occurrence in those currently asymptomatic. Because internal stresses on 
body tissues are generally difficult to measure, there is considerable research emphasis 
placed on those measurements that are feasible. One of these methods, EMG, which 
relates to the stresses produced by muscle activity, has been discussed above. Another 
method that yields information on spine loading is intradiscal pressure measurement. 
The vertebral bodies are separated by flexible discs that provide for the articulation of the 
spine. Each vertebral disc is comprised of a semigelatinous nucleus pulposus in the 
center of the disc surrounded by the annulus fibrosus, which consists of layers of collagen 
fibers. In the lumbar region of the spine, the discs are taller anteriorly, producing the 
characteristic lordotic curve. The nucleus pulposis in the center of the disc has been 
found to behave hydrostatically in healthy individuals so that the pressure in the nucleus 
may be used as a measure of the axial load on the spine. The disc pressure has been 
found to be affected primarily by three factors: the weight supported above the spine level 
of interest, the paraspinal muscle activity, and the posture of the spine in the area of 
measurement. Each of these factors is important in the analysis of disc pressure changes 
produced by variations in seat design parameters. 
Andersson et al. (1974a, 1974b, 1974c, 1974d) conducted disc pressure measurements in 
conjunction with the EMG analyses discussed above. For each test, a needle containing a 
pressure transducer was inserted into the nucleus of the disc below the L3 vertebra. The 
disc pressure was recorded simultaneously with EMG signals from back extensor muscles 
as the subject assumed various postures. In general, disc pressures were found to be 
substantial higher in sitting than in standing. The type of sitting posture had a strong 
influence on the disc pressure. 
In studies on a laboratory chair (Andersson et al. 1974a), the disc pressure decreased as 
the backrest angle was increased from 90 degrees to 120 degrees. Disc pressure also 
decreased as the lumbar support prominence was increased from -20 mm to +40 mm 
(negative lumbar support measurements indicate that the apex of the support was 
rearward of the plane of the backrest). The amount of change in disc pressure due to 
changes in lumbar support was independent of backrest angle. Studies on a car seat 
(Andersson et al. 1974b) produced similar results, with disc pressure decreasing as the 
backrest recline angle and lumbar support prominence were increased. 
The disc pressure and EMG data can be interpreted with respect to the stresses placed on 
the lower back in the various postures examined. When the backrest angle is increased, a 
greater proportion of upper-body weight is transferred to the backrest, reducing the 
amount of load carried by the lumbar spine. Additionally, the center of mass of the upper 
body moves rearward, reducing the restorative (extension) moment that must be produced 
by the back muscles. Since the back muscle tension is applied approximately parallel to 
the lumbar spine, reduction in back muscle activity is seen directly as a reduction in disc 
pressure. The curvature of the lumbar spine also influences the disc pressure. When the 
normal lordosis of the lumbar spine is flattened, the discs are wedged anteriorly, 
compressing the anterior aspect of the disc while stretching the posterior aspect. These 
forces act to increase the pressure in the disc. Thus, moving the lumbar spine away from 
lordosis toward kyphosis increases the disc pressure even if the muscle activity remains 
constant. 
In the Andersson et al. studies, the lumbar support reduced disc pressure by producing a 
more lordotic lumbar curvature and by slightly reducing back muscle exertion. These 
findings resulted from changes in the lumbar spine curvature produced by the lumbar 
support. In a later study, Andersson et al. (1979) examined radiographically the influence 
of backrest angle, lumbar support prominence, and the vertical position of the lumbar 
support on lumbar lordosis. Neither backrest angle (80 degrees to 110 degrees) nor the 
vertical position of the lumbar support (L1 to L5) had a significant effect on lumbar 
lordosis. The prominence of the support did have a strong influence on lumbar curvature. 
When the lumbar support prominence was 40 rnm, the lumbar curve closely resembled 
the standing lordosis. 
The lumbar support used in the Andersson et al. (1979) study was constructed to be used 
as an indicator of position rather than as an actual support surface, so the postural 
responses of the subjects to the experimental support might not be representative of their 
responses to actual seats. In particular, the rigid, small-diameter support probably was 
not conducive to relaxed postures with substantial pressure exerted on the support. 
Nonetheless, the findings suggest that the rotation of individual vertebral bodies is 
strongly linked to the motion of the adjacent vertebra, so that the vertical position of the 
lumbar support may not strongly influence the resulting spine curvature. Consequently, 
decisions about appropriate lumbar support height might reasonably be based on other 
considerations, such as the differential sensitivity of back areas to pressure. 
Subjective Evaluations 
Decisions regarding lumbar support design should ultimately be made to optimize the 
experience of the sitter. Although EMG and intradiscal pressure measurement can be 
used to estimate the mechanical stresses produced in back tissues by various seat designs, 
the success of a design can be judged by two criteria: (1) reduction in pathology due to 
sitting, and (2) reduction in discomfort. In practice, the first criterion is extremely 
difficult to employ because of the complex etiology of chronic lower-back disease and 
the difficulty in ascribing medical outcomes to subtle changes in seat parameters. 
Subjective evaluations of discomfort are, therefore, the standard by which lumbar 
supports should be judged. A reasonable hypothesis is that lower-back stresses are 
manifest in discomfort before producing injury so that a reduction in discomfort should 
lead to a reduction in the potential for injury. 
Few published studies have obtained carefully controlled lumbar support evaluations. As 
noted above, a lack of standardization in the characterization of lumbar support 
prominence makes comparisons among studies difficult. Grandjean (1980) cited comfort 
ratings of auditorium seats to recommend a lumbar support positioned 100 to 140 mm 
above the depressed seat surface. These values are the lowest found in the literature. It is 
likely that the posture assumed in this seat results in a substantial rearward tilt of the 
pelvis and support for a slightly kyphotic lumbar curve. Karnijo et al. (1982) found that 
auto seats rated as comfortable showed backrest pressure peaks in the area from 140 to 
180 rnm above the H-point, or about 235 to 275 mm above the seat surface, suggesting 
that the center of lumbar support should be located in that area. 
Porter and Norris (1987) investigated subject preferences for lumbar support height in a 
laboratory chair, simulating a driving environment by placing the subjects in a chair with 
a 30-degree backrest angle, a 15-degree pan angle, and an extended-knee position. This 
study was specifically designed to replicate the postures investigated by Andersson 
et al. (1974a) to determine if the lumbar support configurations recommended on the 
basis of EMG and disc pressure minimization criteria coincided with those preferred by 
sitters. Thirty-seven male and twenty-five female subjects indicated their preferred 
lumbar support position. The average preferred support height above the seat pan was 
215 mm, or approximately 120 mm above the H-point. The support used in this study 
was rectangular in cross section, 97-mm tall, and protruded 20 rnrn from the plane of the 
backrest. The 20-mm support was preferred over the 40-mm support, suggesting that the 
preferred lumbar support configuration is less prominent than that which produces the 
lowest disc pressures. 
Other studies of lumbar support preference have likely been conducted by seat 
manufacturers and others. These studies are rarely published because of the potential 
competitive advantage associated with the information. However, lacking a consistent 
way of specifying lumbar support configurations, translating such data into a new seat 
design would be difficult. Until a reliable method of characterizing lumbar support is 
available, most subjective data are applicable only to the seats actually tested. 
Recommendations 
The research findings cited above have been used by a variety of authors to justify 
recommendations of particular lumbar support configurations. However, the most recent 
recommendations based on the literature (e.g., Reynolds 1993) do not differ substantially 
from the design specifications suggested decades earlier (e.g., herblom 1948; Keegan 
1953). 
Furthermore, recommendations in the literature are difficult to compare because, as noted 
above, there is a lack of standardization with regard to the specification of the lumbar 
suppon parameters. The problem is compounded by the fact that the seat contour of 
interest is that which results when the sitter is seated in a comfortable, self-selected 
posture. Since sitter anthropometry and preference vary, a particular lumbar support may 
produce different effective prominences or vertical positions relative to the lumbar spine 
depending on the sitter and the posture. 
Another issue in lumbar support specification is the stated purpose of the support. Some 
researchers specify that the intent of the lumbar support is to induce (or retain) lordosis in 
the lumbar spine (e.g. ,  Hubbard and Reynolds 1984). Keegan (1964) specifies that 
support should be directed in the area of L4 and L5, because the discs below those 
vertebrae have the greatest association with low-back pain. In Keegan's view, the 
purpose of the lumbar support is to prevent the flattening of the lumbar lordosis. He 
recommends that the seat design should promote a neutral lumbar spine curvature about 
midway between the standing lordosis and a flattened spine. Andersson (1980), in a 
summary of the work discussed above, recommends that the lumbar support be used to 
preserve lordosis because lower disc pressures are observed with lordotic lumbar 
curvature. He also notes that the position of the lumbar support relative to the lumbar 
spine has only a minor influence on the degree of lordosis. 
Grandjean (1980), Kamijo et al. (1982), Porter and Norris (1987), and others have used 
subjective preferences to recommend lumbar support configurations without reference to 
desired physiological outcomes. Robbins (1986) follows Hubbzrd and Reynolds (1984) 
in recommending centering of the lumbar support at the apex of the lumbar lordosis, 
midway between T12 and L5. Robbins found that this mid-lumbar point for people 
ranging in size from small females to large males lies within 33 rnm of a point 250 mm 
from the depressed seat surface, and recommended that the 250-mm dimension be used to 
locate the lumbar support. Maertens (1993) follows the recommendation of Robbins and 
also specifies that the support should be centered 250 mm above the depressed seat 
surface. 
Lumbar height recommendations relative to the H-point are summarized in Table 3. Note 
that all recommendations fall between the average L2 and L5 locations given by 
Schneider et al. (1985). 
Table 3 
Summary of Recommendations for Vertical Location of Lumbar Support 
Reference 
Keegan (1964) (mean L5 position 
in Schneider et al. 1985) 
Lumbar Support 
Position above H-point 




Kamijo et al. (1982) 160 
I Porter and Norris (1987) 1 120 1 
The prominence of the lumbar support is more difficult to specify than the vertical 
position because of a lack of standardization in measurement. For this discussion, the 
method used by Andersson, Porter and Norris, and others will be used. These researchers 
have constructed laboratory chairs with rigid, planar backrests and measured the 
protrusion of the lumbar support from that plane. This measurement can be 
approximated for a padded seat by measuring perpendicular to a line tangent to the 
thoracic curve and the rear of the buttocks (cf. Robbins 1986; Maertens 1993). 
For Reference: L2 mean 
(Schneider et al. 1985) 
Andersson et al. (1979) measured the effect of lumbar support on lumbar lordosis and 
concluded that 40 mm was an appropriate prominence. Porter and Norris (1987) found 
that a 20-rnm support was preferred over a 40-mrn support in all test conditions. Robbins 
(1986) recommended 15 to 25 mm prominence while Maertens (1993) indicates that an 
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acceptable range is from 20 to 50 mm. Some researchers specify a longitudinal radius of 
curvature along with, or instead of, a prominence. Grandjean (1980) recommended a 
450-mm radius. Floyd and Roberts (1958) recommend not less than 300 mm and 
preferably 400 to 460 mm. Robbins (1986) recommends a 250-mm radius, Maertens 
(1993) specifies 255 mm. Reynolds (1993) cited lumbar curvature radii for cadavers in 
erect seated postures from 206 to 348 rnrn, implying that similar radii would be 
appropriate for drivers. 
Evidence Against the Prevalent Recommendations 
Most lumbar support design recommendations assume that the posture to be supported 
includes a lumbar lordosis. As noted above, lordosis is associated with reduced disc 
pressures, a finding that has been cited as justification for prescribing lumbar lordosis. 
However, there are two important reasons why a lumbar support designed for a lordotic 
spine curvature may not always be appropriate. First, there are some advantages to flexed 
spine postures or periodic changes between flexed and extended lumbar spine postures. 
Adams and Hutton (1985) cite the advantages and disadvantages of sitting with a flexed 
lumbar spine. 
Advantages 
Reduced stresses at apophyseal joints (posterior 
contact points between vertebra) 
Reduced compressive stress on the posterior annulus 
Improved transport of disc metabolites (when 
posture alternates between flexed and extended) 
High compressive strength of the spine 
Disadvantages 
Increased compressive stress on the anterior annulus 
Increased hydrostatic pressure in the nucleus at 
low load levels 
The most important advantage to sitting with a flexed spine, cited by Adarns and Hutton 
(1985), is the improved transport of disc metabolites. Intervertebral discs are nonvascular 
and receive nutrition through diffusion, a process facilitated by fluctuating pressure 
gradients. When the spine is flexed or extended, the hydrostatic pressure in the disc is 
changed and diffusion results. As the pressure is alternately raised and lowered through 
changes in spine posture, disc nutrition is enhanced. The remaining advantages cited by 
Adams and Hutton are probably not of great importance in quiescent seating. 
Adams and Hutton maintain that the disadvantages they cite are not sufficient to merit a 
proscription of flexed-spine postures. They note that the anterior annulus of the disc is 
the thickest part of the disc and rarely shows degradation. The increase in disc pressure 
as a result of lumbar spine flattening is small compared to the levels of spine loads 
associated with disc pathology (e.g., in heavy lifting). Adams and Hutton conclude that 
flattened-spine postures should not be discouraged, because the physiological advantages 
outweigh the disadvantages. 
There are some additional advantages to nonlordotic spine postures not mentioned by 
Adams and Hutton. When the spine is flexed, passive resistance to further flexion is 
generated by the stretching of muscles and ligaments and by the resistance of the 
intervertebral discs to wedging. These passively generated extension moments reduce the 
need for active erector spinae activity. The observation of reduced muscle activity in 
postures approaching full lumbar flexion has been noted by many investigators (see 
Schultz et al. 1985, for a review). Any flattening of the lumbar spine beyond its 
"physiological" lordotic curvature results in an increase in passive extension moment and 
a consequent decrease in active muscle tension needed to maintain the posture. Thus, 
choosing a posture that flattens the lumbar curve can reduce back muscle activity and 
potentially reduce muscle fatigue and discomfort. This effect may be noted in the EMG 
data of Andersson and ~r tengren  (1974e), which show that increased lumbar support 
prominence (increased lordosis) results in increased back muscle activity at the L3 level 
for backrest angles of 80 and 90 degrees. As the backrest is reclined, the differences are 
no longer statistically significant. However, in other work by Andersson et al. (1974b), 
lumbar EMG was reduced as lumbar support prominence was increased in an auto seat. 
The authors suggest that the differences in the design of the laboratory chair and auto-seat 
lumbar supports were responsible for the difference in results. Since pelvis orientations 
and spine postures were not monitored in the auto-seat study, it is possible that the 
increased lumbar support prominence in the auto seat had the effect of increasing the 
effective backrest angle by moving the subject's pelvis forward. As noted above, 
increasing the recline angle strongly reduces back muscle activity. 
The second reason that the typical prescriptions for longitudinally convex lumbar support 
may be inappropriate is that sitters may not choose postures with lumbar lordosis. Reed 
et al. (1991a, 1991b), in a study of long-term driver comfort, found that sitters tended to 
choose postures with flat or kyphotic lumbar curvatures even in seats designed with 
prominent, convex lumbar supports. Instead of mating with the spine curvature, the 
support instead protruded against the upper lumbar area of the sitter's back, producing an 
area of high pressure. The convex shape also left the lower part of the sitter's spine 
unsupported, and may have increased discomfort in that area. 
Other researchers have noted that sitters often do not sit in erect postures with lumbar 
lordosis as seat designers intend. Grandjean, Hiinting, and Pidermann (1983), in a study 
of office workers, found that computer users frequently adopted a slouched posture even 
when sitting in seats designed with lumbar supports for erect postures. This evidence 
suggests that the physiological criteria that have been used to specify lumbar support 
configurations are insufficient in the absence of data on postures actually chosen by 
sitters. 
Summary 
Lumbar support should be firm but sufficiently padded to avoid discomfort due to high 
pressure. Ideally, the support should be adjustable. The depressed contour should adjust 
from flat to convex up to approximately 50 rnrn prominence, with a radius adjustable 
from about 250 to 400 rnm. The vertical position of the apex should be adjustable 
between 100 and 200 rnrn above the H-point along the manikin back line, or between 195 
and 295 mm above the depressed seat cushion. If a fixed lumbar support is to be 
provided, the prominence should be about 20 mm and the radius 300 mm for a mid-range 
or higher seat height ( i .e . ,  higher than about 240 mrn). The apex should be positioned 
between 105 and 155 mm above the H-point along the maniln back line (200 to 250 rnm 
above the depressed seat surface). For lower seat heights, fixed lumbar supports should 
have minimal longitudinal curvature. 
4.2 Body Segment Angles and Seat Adjustments 
The posture of the body is described by the relative orientations of the various 
articulating segments that make up the body linkage. Reynolds (1993) stresses the 
usefulness of abstract linkage representations of the human body as design tools. 
Hubbard et al. (1993) discuss computerized kinematic models that increase the fidelity of 
simple link models by including descriptive geometry for the links, e.g., legs, torso, and 
arms. Such link models are used to define joint angles that are associated with improved 
comfort, 
The assumption implicit in these joint angle recommendations is that the least discomfort 
will result when all joint angles are within a neutral range for which tissue stresses are 
minimized (Keegan 1953). These ranges are typically in the middle of the full passive 
range of motion for the joint, where muscles are approximately at their resting lengths. 
Rebiffd (1969) presents a summary of recommendations for body segment angles in the 
automotive environment. Figure 4 shows the definitions of body segment angles for 
which recommendations are listed in Table 4. 
Figure 4. Definitions of posture angles in Rebiffk (1969). 
Table 4 
Recommended Ranges for Body Segment Angles from Rebiffk (1969) 
(See Figure 4 for angle definitions.) 
I A. Back I 20 - 30 I 
Angle Recommended Range 
(degrees) 
F. Elbow 80- 120 
*These values are dependent on hand 
support and seat-back configuration. 
The Rebiff6 linkage expresses body posture in terms of line segments in a sagittal plane 
connecting joint centers. The trunk angle is represented as a line connecting the shoulder 
joint with the hip joint. The most important angles for comfort are the back, trunwthigh, 
and knee angles, which represent the relative orientations of the trunk, thigh, and leg. 
The research summarized in Section 4.1 demonstrated the importance of maintaining a 
reclined trunk posture to reduce spine and back muscle loads. The Rebiffi 
recommendations for 20- to 30-degree recline angles are consistent with the EMG-based 
recommendations of Andersson et al. and contemporary practice. Angle B is the 
trunklthigh angle, which Keegan (1953) demonstrated to have a strong effect on the 
lumbar curve. The Rebiffi recommendations for trunkhhigh angle fall short of the 135- 
degree angle cited by Keegan (1953) as producing a neutral spine curvature, but are in 
keeping with the recommendation by Grandjean (1980) of 100 degrees to 120 degrees. 
With specific reference to auto seating, Keegan (1964) specified a trunuthigh angle of 
105-1 15 degrees, with 1 15 degrees preferred for long-term comfort. 
The determinants of trunwthigh angle are the backrest angle and the seat cushion angle. 
Backrest angle can be adjusted on most current driver seats, while seat cushion angle 
adjustment is generally available only on more expensive models. Although backrest 
angle is widely defined using the SAE 5826 H-point manikin and procedure, there is 
currently no widely accepted and biomechanically useful method of characterizing 
cushion angle. The angle of the undepressed surface may be a poor measure of the 
influence of the seat cushion on the thigh angle. Recently, Manary et al. (1994) have 
reported a procedure developed by Ron Roe of General Motors that employs the H-point 
manikin without legs in a procedure to measure the cushion angle. This experimental 
technique has shown good correlation with driver thigh angle in preliminary trials, but 
more research is needed to determine if the procedure accurately measures the influence 
of cushion angle on thigh angle. 
Knee angle is an important determinant of comfort. Rebiff6 recommends that the angle 
not exceed 135 degrees. When the knees are extended (i.e., knee angle increases) tension 
can develop in the hamstring muscles in the back of the thigh. Because these muscles are 
attached both below the knee and above the hip joint (on the pelvis), tension in these 
muscles resulting from extended-knee positions constrains motion at the hip joint (Stokes 
and Abery 1980). If the pelvis is forced to rock rearward because of tension in the 
hamstrings, then a lumbar lordosis is difficult to obtain without extreme seat recline 
angles. Thus, knee angle is an important factor to consider in the specification of a 
lumbar support (see Section 4.1). 
The ankle angle is depicted in Figure 4 in a sagittal plane, but in actuality the driver's 
foot orientation can vary considerably while still maintaining control of the accelerator 
pedal. Currently, vehicle interior design tools (e.g., the H-point manikin and the 2-D 
"Oscar" template) do not consider these variations in posture. But there may be 
important comfort implications of allowing such motion. As noted in Section 3.1, leg 
splay can be an effective way of altering the pressure distribution under the buttocks and 
thighs. Allowing the driver a range of right leg positions involving varying degrees of 
leg splay and medial-lateral foot rotation may reduce the potential for leg discomfort. 
The most important restriction on the body segment angles available to the driver is the 
seat height, measured from the horizontal plane of the heel point to the H-point. When 
seat heights are low, extended knee positions, which induce rearward rotation of the 
pelvis, become necessary. Rearward pelvis rotations create a need for large recline 
angles to avoid excessive lumbar flexion. There are advantages to the reclined trunk 
posture, most notably reduction in back muscle activity (see Section 4.1). But the 
extended knee position can reduce the range of pelvis and lumbar spine postures to those 
involving flat or slightly kyphotic curvatures. In contrast, higher seat heights allow more 
flexibility in posture, primarily because the knee angles are smaller. 
Seat adjustments are supplied to provide for some customization of the interior 
environment to the preferences of the occupant. The minimum set of adjustments for 
passenger cars is the seat track, which adjusts fore-aft position, and the seatback recliner. 
(Some trucks still do not have recline angle adjustment.) The range of seat track travel is 
recommended to be about 150 mm (Grandjean 1980; Rebiffi 1969), although data 
collected at UMTRI suggest that 200 mm or more may be necessary to accommodate 
short and tall drivers (Schneider and Manary 1991). Most seat tracks are angled several 
degrees to the horizontal so that moving the seat forward also raises the seat. This is 
appropriate since occupants with shorter legs usually also have shorter torsos, and the 
added height helps to achieve good eye position. However, a flatter cushion angle is 
usually necessary to preserve a comfortable reach to the pedals. 
Cushion angle adjustment is also useful in conjunction with height adjustment. Smaller 
drivers may find it preferable to flatten out the seat as it is raised, while long-legged 
drivers might increase the cushion angle to allow a more reclined backrest angle while 
preserving reach to the steering wheel. Many problems of occupant positioning relative 
to the controls could be solved more satisfactorily from the driver's perspective if the 
steering wheel and dashboard remained fixed relative to each other while both the seat 
and pedals moved fore and aft. The technology to move the pedals exists and might 
result in greater comfort and more flexible occupant packaging. Drivers could sit at a 
more comfortable and safe distance from the steering wheel, since the shoulder-to-wheel 
distance could be adjusted independent of the hip-to-pedal distance. The recline 
mechanism should allow trunk angles up to 30 degrees behind the vertical with a larger 
range preferred. Although most drivers will not use the full range, the extra adjustability 
is useful for those with long arms or for those who prefer large recline angles. 
Lumbar support adjustment is desirable to accommodate differences in anthropometry 
and preference. The research findings presented in Section 4.1 suggest that a vertical 
adjustment of about 100 mm centered about 150 mm above the H-point along the 
manikin back line will accommodate a large percentage of the population. The 
prominence of the lumbar support should be adjustable to obtain depressed seat surface 
contour prominences ranging from 0 (flat) to 50 mm, measured as described in 
Section 4.1. 
Summary 
Body joint angles should be maintained near the center of the passive range of motion for 
the joint. The most important angles related to auto seat comfort are the trunk angle 
relative to the vertical and the knee angle. Reclining the trunk 20 degrees substantially 
decreases back muscle activity and opens the trunkfthigh angle, decreasing the necessity 
for lumbar flexion. Large knee angles can cause tension in the hamstring muscles and 
rearward rotation of the pelvis, which moves the lumbar curve toward kyphosis. Higher 
seat heights allow more flexed knee angles and reduce the constraints on posture. 

5.0 DISCUSSION 
Research related to seating comfort has been conducted for over 100 years, and chair- 
makers have worked for centuries to increase the comfort of their products. he rb lom 
(1948) provides a thorough review of work that preceded his own. In spite of the large 
body of research published in the intervening decades, recent recommendations on seat 
design echo those published in articles from the 1940s and early 1950s (e.g., Lay and 
Fisher 1940; he rb lom 1948; Keegan 1953; Cleaver 1954). And yet the number of 
journal articles published on seating research shows no sign of abating. What has been 
learned in the past few decades? Is there an advantage to using recommendations from, 
say, Reynolds (1993) rather than he rb lom (1948)? 
Some ergonomic knowledge is being applied in automotive seat design. Most current 
seats appear to be designed more in keeping with ergonomic recommendations than seats 
from previous decades. For example, at the time Keegan (1964) raised the issue of 
lumbar support in auto seats, most seats had fixed backrest angles and a uniform stiffness 
along the vertical length of the backrest or "squab" as it was then called. Keegan pointed 
out that such seats produced kyphotic lumbar postures and were more likely to cause 
back$iscomfort than seats that provided a firm lumbar support in the lower-back area. 
But Akerblom (1948, 1954), Keegan (1953), Cleaver (1954), and others had specified a 
decade earlier that firm support should be directed to the lumbar area. Indeed, Lay and 
Fisher (1940) measured the pressure distribution preferences of 250 people in an auto- 
seat mockup and reported that preferred backrest pressure distributions contained peaks 
in the lumbar area similar to those reported by Kamijo et al. (1982). One reason for 
continuing seating research must certainly be that the recommendations that are made are 
not always followed by those designing seats. In recent years, however, there has been an 
increased design emphasis on seat comfort in automobiles, partly because of 
epidemiological data showing that prolonged driving is associated with increased risk of 
lumbar disc herniation (Kelsey and Hardy 1975), but primarily because driver and 
passenger comfort have been seen as an increasingly important aspect of the competitive 
marketing of vehicles. 
Of the design recommendations discussed in this report, those related to Fit parameters 
are the most readily applied. Although most current vehicle seats fit a large percentage of 
the driving population well, two parameters on which many seats could be improved are 
cushion length and width. As discussed in Section 2.1, cushion width should be 
sufficient to avoid constricting hips as wide as the 95th percentile. This means an 
unobstructed width of about 500 mm at a distance of 100 mm above the depressed seat 
surface. Some seats, particularly sporty bucket seats, have the required clearance, but 
have cushion side bolsters that constrict the buttocks of larger drivers as the cushion 
deflects, reducing the effective cushion width below that required. Although some 
manufacturers might find it reasonable to trade off accommodation of larger drivers for a 
more sporty feel for others, all drivers are likely to find a narrower seat more 
uncomfortable because it restricts posture change more than a wider seat. Shifting the 
pelvis laterally allows drivers to change the pressure distribution on their buttocks, 
potentially delaying the onset of discomfort. 
Many car seat cushions are also too long. As the data in Section 2.2 indicate, a seat in 
which the distance from the depressed seatback to the front edge of the cushion is more 
than 440 mm is likely to restrict the postures of small drivers and reduce their comfort. 
Although some small sitters may not report that the seat cushion is too long, they may 
nonetheless be prevented from using the backrest properly by the need to sit further 
forward on the seat to avoid uncomfortable pressure behind the knees. Shorter cushions 
are advantageous even for those whose thigh lengths are closer to the population median. 
Shorter cushions allow for greater flexibility in leg posture and, in particular, allow the 
legs to splay to a greater extent than does a longer cushion. Leg splay changes the 
pressure distribution under the buttocks and can be a useful way of delaying the onset of 
buttock discomfort. One way to make a short cushion more comfortable for long-legged 
subjects is to include a cushion angle adjustment. Long-legged subjects can tilt the 
cushion up to obtain the desired contact pressure on their thighs, rather than obtaining 
similar support by sinking into a longer, softer cushion. 
Feel parameters, particularly body pressure distribution, have received substantial 
attention in recent years because advances in sensor technology have made it possible to 
measure the pressure at the interface between the sitter and production car seat without 
substantially interfering with the normal performance of the seat. Early systems required 
extensive seat modifications that made it difficult to apply the findings to production 
seats and to compare results among different seat designs. The primary appeal of 
pressure distribution studies is that they give an objective measurement of some of the 
stresses applied directly to the skin. Since pressure distributions are clearly related in 
general ways to discomfort (e.g., high pressures lead to discomfort more quickly than 
lower pressures), it is tempting to conclude that an ideal pressure distribution can be 
described that will produce minimal discomfort. However, the research evidence 
suggests that the pressure distribution alone does not give enough information about the 
discomfort stimuli perceived by the sitter to serve as an objective measure of the potential 
for discomfort. For example, the pressure distribution measurement does not give a 
useful measure of surface shear, which has been determined to be an important factor in 
determining the critical pressure at which blood vessel occlusion will occur (see Section 
3.1). Two identical pressure distributions accompanied by differing surface shear 
exposures would probably have different outcomes with respect to tissue ischemia and 
discomfort. 
In spite of these limitations, the emerging pressure measurement technology has the 
potential to be a useful tool in assessing the interaction between sitters and seats. For 
example, seat-cushion firmness can affect long-term buttock comfort, but will affect 
heavy sitters with little fat tissue more than lighter sitters with more substantial fat tissue 
in the buttock area. Pressure distribution measurement could be a useful way of selecting 
subjects for seat-cushion comfort testing that are likely to be sensitive to changes in foam 
density. Another important use for pressure measurement is the assessment of lumbar 
support function. The support forces produced by a lumbar support can be observed on a 
pressure map of the backrest. The optimal lumbar support configuration for a particular 
sitter might be identified by the pressure distribution in addition to the contour of the seat. 
Support parameters, particularly lumbar support location and curvature, will probably 
continue to receive the greatest emphasis, both from researchers and manufacturers, 
because of the importance of low-back pain to consumers and the importance to seat 
makers of alleviating that pain. The research findings presented in Section 4.1 show 
considerable consensus with respect to the location of a sitter's lumbar spine and the 
desirability of providing a firm reactive surface to prevent excessive flexion in that area. 
There is also general agreement in the literature that the protrusion of the lumbar support 
should be between 20 and 40 mm, with adjustability provided for different anthropometry 
and preference, and that the height above the depressed seat surface should be between 
200 and 250 mm. These recommendations, however, are based primarily on static 
physiological assessments of spine biomechanics. Lumbar support was found to have 
only a small effect on back muscle activity. Reclining the backrest by an additional 10 
degrees produces a greater reduction in back muscle activity than addition of lumbar 
support. Changes in spine posture due to lumbar support reduce lumbar intradiscal 
pressure substantially, but no link has been established between the low levels of disc 
pressure associated with quiescent seated postures and disc pathology. People who spend 
a large amount of time driving do have higher incidences of low-back pain and disc 
herniation than those who spend less time driving (Kelsey and Hardy 1975), but there is 
no epidemiological evidence that adding a lumbar support will reduce that incidence. 
The appropriate design for lumbar support in auto seating is not currently clear because of 
incongruities between spine postures that have been identified as physiologically 
desirable and those postures that are prevalent and possible in automobiles. One defining 
characteristic of passenger car seating is the extended-knee position that results from low 
seat heights (compared to office seating) and the driver's requirement to operate the foot 
controls. Knee extension places a restriction on the forward rotation of the pelvis through 
the action of the hamstring muscles that extend both below the knee and above the hip 
joint. Stokes and Abery (1980) demonstrated that the knee position alters the range of 
motion of the pelvis in sitting postures. Boughner (1991) developed a computer model to 
describe the constraints that the resting hamstring muscle length imposes on pelvic 
orientation. When the knees are extended, an upright pelvis orientation can put passive 
tension on the hamstrings and thereby result in sharp discomfort at the backs of the thighs 
for people with tight hamstrings. The extended knee posture therefore constrains the 
pelvis angle, which in turn constrains the lumbar spine posture. Particularly for low seat 
heights, a lordotic lumbar curvature may not be possible for many drivers. Consequently, 
the appropriate function of a lumbar support in such seats cannot be to maintain a 
lordosis, and thus a convex lumbar support contour would be inappropriate. A lumbar 
support designed for a flat spine curve might be more comfortable in such seats. 
A primary limitation of the physiological research on which the present lumbar support 
recommendations are made is that the particular postures studied were induced by the 
experimenters and not spontaneously selected by the sitters as comfortable postures. 
Data indicating that actual users of the seats respond to the test configurations with 
similar postures is lacking. Indeed, there is evidence that suggests that sitters frequently 
choose postures other than those for which their seats were designed. Grandjean et al. 
(1983), in a study of office workers, found that computer operators tend to assume 
reclined postures, often by sliding their hips forward in the chair, even in chairs designed 
with lumbar supports intended for upright postures. Reed et al. (1991a, 1991b) found 
that spine postures observed in a long-term driving simulation did not conform to a 
prominent, convex lumbar support. These observations indicate the need for a greater 
understanding of how people respond posturally to changes in support. Current lumbar 
support specifications tend to be prescriptive, in that they are intended to support postures 
that have been identified as physiologically desirable. Improvements over current 
designs will require a greater understanding of how sitters interact dynamically with the 
seat contour so that seats can be designed to support postures that are both 
physiologically desirable and subjectively preferred. 

6.0 SUMMARY 
The recommendations discussed in the previous sections are summarized here in tabular 
and graphical form. The reader is referred to the body of the report for more detail and 
the rationale behind the recommendations. 
6.1 Fit Parameters 
Fit parameters are linear dimensions related to sitter anthropometry. 
Table 5 
Summary of Fit Parameter Recommendations 
Figure 5. Schematic representation of Fit parameter recommendations. 
6.2 Feel Parameters 
Feel parameters affect local comfort and are related to stimuli detected primarily in the 
skin and subcutaneous tissues. 
Table 6 
Recommendations for Feel Parameters 
Backrest patterns Peaks should be located only in lumbar area. No local 
maxima should be found in the shoulder area. 
testing with target populations. Large differences in 
pressure distributions and sensitivity among individuals 
make specifying a quantitative "optimal pressure 
75 w/m2 by conduction and diffusion of water vapor. Foam 
should not be compressed to more than 80% to allow for 
maximum vapor diffusion. 
I I 
6.3 Support Parameters 
Support parameters are intended to influence the posture of the sitter and are related to 
body segment angles. 
Table 7 
Recommendations for Support Parameters 
Parameter 1 Recommendation 
Lumbar Support (Fixed) 
Vertical position Locate apex 200-250 mrn above depressed seat surface, or 
105-155 mm above H-point along back line. 
Prominence 
Radius 
Support should protrude 20 mm in front of backrest plane 
(see Figure 6) for seat heights above about 240 mm. 
Support should be nearly flat for lower seat heights. 
The 20-mm support should have a depressed-contour, 
convex radius of about 300 mm. 








- -- -- - 
Angle relative to the vertical of line from hip joint to 
shoulder joint should be between 1&30°. 
Apex should be adjustable between 100 and 200 mm above 
the H-point along back line. 
Prominence should be adjustable between 0 and 50 mm. 
Radius should be adjustable between 250 and 400 mm. If 
only a prominence adjustment is provided, higher 
prominences should be achieved with smaller radii. 
Included angle between leg and thigh should be less 
than 135". 
Angle formed by the knee, hip, and shoulder joints should be 
larger than 90' and preferably close to 135'. 
Manikin Back Line 
Back Angle 
Line Tangent t o  Thorax 
I 
Min. Lumbar Height = 100 
Figure 6. Schematic illustration of lumbar support recommendations (dimensions in mm). 
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